We report an enhancement of coupling efficiency between an optical fiber and graphene photonic device integrated on a silicon photonics platform. The design and optimization of selective spot-size converters (SSSCs) enables low coupling losses of 1.4 dB/facet for TE and 2.4 dB/facet for TM modes without causing damage to the graphene. In order to maximize the potential of the perfect wavelength independent response in the graphene, ultra-broad-bandwidth coupling from O-to U-bands (1300-1650 nm) is characterized. The bandwidth is over 300 nm (at 3-dB roll off) in both polarization modes. We integrated the SSSCs with a partially graphene integrated silicon-ring resonator to substantiate the wavelength response improvement by a pico-meter-order high-resolution spectroscopy.
Introduction
Graphene integration on silicon photonic devices is one of the most attractive research topics in recent optical science because of graphene's physical properties of extremely high carrier mobility, a tunable band gap (with bilayer), huge optical absorption (per layer), wavelength independence, and extremely high optical nonlinearity [1] , [2] . Previous high-impact accomplishments include graphene modulators [3] - [5] and photodetectors [6] - [8] on a silicon photonic platform. These devices mainly use 1D-or 2D-grating couplers to couple the input/output light into the silicon waveguides. The grating couplers have a relatively high coupling loss (e.g., 9 3-4 dB/facet in TE and TM modes), and very strong wavelength dependence (e.g., 60 and 40 nm in TE and TM modes at 3-dB roll off), which totally cancel out the advantages of the wavelength independence in the graphene [3] , [4] , [9] . Furthermore, the center wavelengths do not match between the two polarization modes (e.g. around 1490 nm in the TE mode, and 1550 nm in the TM mode), so there is no overlapping band for 3-dB roll off [9] . On the other hand, if we attempt to use a lateral-butt coupling structure to obtain a broad-bandwidth connection, the losses sharply rise to about 7.5 and 15.5 dB/facet for TE and TM modes [10] . This causes not only low light intensity coupling but also reflection resonance between input/output surfaces (see Section 4) . Light coupling methods for previous graphene-integrated devices were not considered, because of graphene's peculiarities and difficulties in fabrication. Since graphene is a single-atom-layer material, damage caused by oxygen plasma in the deposition process and mechanical stress from the upper layer materials must be carefully taken into account. As a result, it is generally not possible to form an upper layer working as an overclad on the top of graphene.
In this paper, we propose a selective-overcladding inverse-taper waveguide formed by depositing SiO 2 (or SiOx) film at limited input/output coupling regions with a damage-free graphene integration process. With this approach, the most fundamental and essential concerns for future graphene integrated silicon photonics can be alleviated.
Simulation, Design, and Fabrication
The most well-known technique for obtaining high coupling efficiency and broad bandwidth is to form an adiabatic-inverse-silicon-taper waveguide with a second relatively low-refractive-index core from SiOx, SiON, and polymer materials for conventional silicon-photonic integration [11] - [13] , which was proposed by our research group. The second core with large diameter ð$3 mÞ reduces the large mode-profile mismatch between a silicon waveguide and silica fiber. Then, the low-loss and broad-bandwidth connection is made by gradually increasing (or decreasing) the effective refractive index along the propagation direction. However, to avoid damage to the graphene, all fabrication processes should be simplified as much as possible. For this purpose, we designed a leaky-mode-like selective spot-size converter (SSSC), where the second core is excluded. Fig. 1 shows the proposed coupling structure. Although the fundamental idea of the adiabatic conversion scheme is based on our previous SSC, the SSSC has no second core to confine the coupled light like a leaky mode. Therefore, we need to optimize various parameters (described below). Additionally, in the fabrication, a technique to protect the graphene from damage is required for SSSC formation such as by a lift-off process. The whole length for each SSSC is fixed at 1 mm, which can be divided into two regions. The first straight-waveguide region (the length is defined as L straight ) is set for the margin of the chip cleaving process. The second taper-waveguide region (equals to 1 À L straight ) is the essential part for mode-size conversion. We used commercial simulation software (Photon Design, FIMMWAVE) to design the coupling structure. A lensed fiber with a mode field of 3. 0 m in diameter is assumed for incident light. The wavelength of the light is set to 1550 nm, which simplifies the simulation process. The silicon waveguide's height H is fixed at 200 nm.
Firstly, we calculated the tip width W at each edge surface to find the optimum coupling conditions. Calculated mode profiles of the lensed fiber (left), SSSC tip width W of 150 nm (center) and 400 nm (right) cases are shown in Fig. 2(a) . Those mode-mismatch losses as a function of the tip width are given in Fig. 2(b) . Tip width of less than 130 nm has no confinement modes, whereas that of 150 nm enables low coupling loss, such as $1 dB/facet. Relatively low polarization dependence is achieved simultaneously. The mode-mismatch-induced loss has a crossing point at 200 nm in TE and TM modes, which agrees well with the theoretical expectation because the aspect ratio of width over height (W/H) becomes 1. Then, for W ranging from 200 to 400 nm, the loss in the TM mode is always lower than that in TE, which implies that a leaky-mode profile well couples to the mode field in input lensed fiber. On the other hand, strongly confined light in the silicon core in the TE mode has a large-mode mismatch of around 10 dB/facet in that range. Consequently, we need to consider the absorption of the bottom silicon substrate, because there is no second core to confine the light after the coupling surface. The calculation result normalized by propagation length L straight is shown in Fig. 2 (c). For example, the absorption losses on the bottom plane are estimated to be around 0.18 and 0.45 dB by assuming a 300-m-long propagation with a 150-nm-tip width in TE and TM modes. Although the influence of the absorption loss is relatively limited compared to the loss induced by the mode-fields mismatch, we need to direct our attention to its effect because it increases exponentially for W less than 200 nm. We also calculated the thickness of the selectively formed overcladding layer, which should be set to at least 1.2 m. The value is determined by confirming that the absorption induced by the bottom silicon substrate can be basically neglected at the NIR optical telecommunications wavelength. Our one concern is Fresnel's reflection loss between the overcladded and graphene-integrated regions. We estimated the reflectance ratios, which are 0.1 and 0.3% at each reflection point in TE and TM polarizations by calculating the effective refractive indices. This means there are no serious degradations for general telecom applications.
According to these simulation considerations, we selected tip widths of 150, 200, and 250 nm to investigate the coupling efficiency in fabricated devices. For a 1-mm-long overcladding region, we finally set the propagation length L straight to 500 m. The expected values of each coupling loss are plotted with experimental results in the next section (e.g., Fig. 6 ). In the fabrication, we used a silicon waveguide-defined 4-inch wafer for the graphene transfer process, and the masked graphene pattern by photolithography was etched by oxygen plasma. The detailed fabrication process for graphene patterning is described in our previous report [10] . A high-aspect-ratio negative resist is formed on the wafer in order to avoid damage to the graphene sheet during SiO 2 -film deposition and to enable the lift-off process. The SiO 2 layer is formed by electro-cyclotronresonance chemical-vapor-deposition (ECR-CVD), and then the selective overcladding regions are obtained after dissolving the resist in organic solvent of acetone and isopropyl alcohol. After all fabrication processes, we confirmed by micro-Raman spectroscopy that the graphene lifted off from around the silicon waveguides was not damaged. Fig. 3 shows the spectrum of as-transferred reference graphene (Reference) and the spectrum obtained after the overcladding had been removed from the graphene by the lift-off process (Lift off). We could not find any significant defects by observing the D-band (1350 cm À1 ), which corresponds to the disordering of carbon-carbon bonds in a graphene sheet [14] . There were also no changes in the G-(1580 cm À1 ) and/or 2D (G')-band (2700 cm À1 ). However, the background noise seems to slightly rise. This would be caused by the residual photoresist on the top, because polymer-based materials basically exhibit a broadband spectrum. This issue could be resolved by thermal annealing or surface treatment. A scanning electron microscope (SEM) image with an expanded view is shown in Fig. 4 , where almost perfect separation can be seen as a boundary between the SSSC and graphene-integration part. The total device width is 6 mm, which includes a 4-mm-long window opening region and a 1-mm-long SSSC region for each side.
Fundamental Characteristics of SSSCs
The optical light source of a total of three super luminescence diodes (SLDs) is applied to measure the fundamental optical characteristics. These SLDs are combined with two 3-dB inline-couplers, which finally gives a spectrum ranging from 1300 to 1650 nm (corresponding to O-(partly), E-, S-, C-, L-, and U-(partly) bands in optical telecommunications) as shown in Fig. 5 . To avoid undesired light source degradation in intensity and spectra, all experimental setups were constructed with polarization maintaining fiber (PMF) instead of standard single-mode fiber with an inline-polarizer. A PMF-lensed fiber pair with a mode field of 3:0 AE 0:3 m in diameter (N.A.: 0.33) was used to obtain the best possible mode profile matching. After alignment with an IR camera, an optical power meter and an optical spectrum analyzer with a spectroscopy resolution of 0.5 nm were prepared to investigate the characteristics of the SSSCs. First, we measured the coupling loss at 1550 nm, which is suitable as a reference for making a comparison between the calculation and experiment. Fig. 6(a) and (b) show the results in each polarization mode. In the TE mode, the measured minimum coupling loss was 1.4 dB/facet at a SSSC tip width of 200 nm. The coupling loss at 250 nm roughly meets our expectation, but the loss at 150 nm was not ideal. This tendency was observed in the TM mode as well, where the minimum value of 2.4 dB/facet was observed for a 200-nm-wide tip. From a different point of view, both experimental data seem to shift to the right on the whole. This phenomenon can be explained by variations in the tip-width and thickness in SOI layer and in the mode field in lensed fiber. In particular, the first factor would be easily caused during the waveguidedefining processes, which would drastically affect the coupling loss. As a result, to save the margin of fabrication fluctuations and errors, we conclude here that the best SSSC tip width is 200 nm.
All spectra are shown in Fig. 7(a) and (b) . In the TE mode, each peak appears to gradually shift to the right side with increasing SSSC tip width. This is because optical mode confinement at short wavelengths ($1300 nm) is much stronger than at long wavelengths ($1650 nm). Taking the tip width of 200 nm as an example, the 3-dB roll-off bandwidth is 9 350 nm, which is at least six times broader than for the referenced grating coupler samples mentioned above. Thanks to the sufficient suppression of coupling losses, the spectra exhibit no significant ripples either (basically less than 1 dB except for the low light intensity induced back-ground noise). The spectra in the TM mode exhibit basically similar tendencies, but the coupling efficiency drastically drops at around 1550 nm. This phenomenon implies that the propagation light is considerably absorbed by the bottom silicon substrate, because the confinement would become weaker as the wavelength increases. Nevertheless, the 3-dB roll-off bandwidth is 9 300 nm at a SSSC tip width of 200 nm in the TM mode. Then, we measured the loss of silicon waveguides with graphene integration at different lengths ranging from 20 to 300 m to confirm that the optical characteristics in the graphene did not change. The results normalized by the graphene length are 0.10 and 0.07 dB=m in TE and TM modes. Since the our previous reported values are 0.09 and 0.05 dB=m [10] (e.g. similar value of 0:04 $ 0:10 dB=m was reported, but with space between graphene and silicon waveguide [15] ), the slightly larger value might be caused by surface modifications (such as a Fermi level shift) due to the resist that had covered the graphene.
However, we suppose that there is no obvious physical and chemical effect, because the ratio TE/TM is almost same. If the Fermi level had been changed, the change would have also influenced the ratio because of the plasmonic propagation condition variation in the TM mode. We hereby conclude that the slight differences in the loss are generated during the graphene growth or transfer process, which means there is no correlation with our proposed selective overcladding process and formation.
Integration Example: Integration of SSSCs, Graphene, and Silicon-Ring Resonator
We recently investigated the influence of graphene on the quality factor variation in a dual-bus silicon ring resonator [16] . However, the device had significant problems, including low-coupling efficiency and very deep spectral ripples. Our motivation for forming the SSSCs is two-fold: to reduce the coupling loss between the fiber and device surface and suppress the undesired resonance induced by surface reflection. Here, we carried out an integration of the SSSCs, graphene, and silicon-ring resonators as an experimental trial. An SSSC with a tip width of 200 nm was employed because the performance at 1550 nm was the best among the three tip widths. Fig. 8 shows the device and experimental setup schematic, where a part of graphene (length of 5 m; width of 3 m) on the left circumference is loaded. We designed a silicon-ring resonator with a radius of 10 m and 250-nm gap at the in/out directional couplers. From the calculation, the expected FSR is about 8.9 nm. With the same fabrication process, we used the sample to characterize the wavelength response at around 1550 nm in the TE mode. The measurement setup is composed of a tunable laser diode (TLD) with a line width of around 100 kHz and a fast scanning system (Agilent TLD: 8163B þ 81600B; Agilent Power Meter: N7744A). It enables a resolution of 1 pm with a 9 10-nm span and 9 10 nm/sec sweep, which is sufficient performance for revealing ripple problems in a microscopic range. A resonant peak without the SSSCs is shown in Fig. 9(a) , where periodical peaks with an FSR of about 0.05 nm are observed in the expanded view on the right side. We calculated the FSR with the equation FSR ¼ 2 0 =2n g L, where 0 is the wavelength of light, n g is the group refractive index, and L is the resonant length, the estimated results (for 0 ¼ 1550 nm, n g ¼ 4:28, and L ¼ 6 mm (device width)) agree well with the measurement values. Therefore, the ripples can be explained by the internal reflection between input and output surfaces. A measured spectrum with SSSCs and its expanded view are shown in Fig. 9(b) . The peak transmittance compared to that without SSSCs is considerably improved around 10 dB. Simultaneously, the ripples caused by the resonance between surfaces are almost completely suppressed, so a clear Lorentzianshape resonance spectrum is observed.
Conclusion
In graphene photonic devices integrated on a silicon photonics platform, it is difficult to couple light with high-efficiency, and broad-bandwidth. In this work, we attempted to enhance the coupling efficiency by using a selectively formed inverse-taper waveguides. By calculation, fabrication, and characterization, we achieved coupling loss reduction to 1.4 dB/facet for the TE mode and 2.4 dB/facet for the TM mode without causing significant damage to the graphene. The simple and effective structure contributes a graphene integration with polarization independence, wavelength independence across a wide range in the NIR region, and low-loss coupling. We believe our technique can be adapted to future new group-IV materials integration with silicon, germanium, and graphene.
